We find that a temperature differential can drive superfluid oscillations in 4 He. 
In superconductors the dominant chemical potential gradient arises from impressed voltages. Until now the chemical potential drive in superfluids has been provided by an externally imposed pressure gradient. However, more generally, in a neutral fluid the complete form of chemical potential involves both pressure and temperature [3] :
where m is the particle mass, ρ is the fluid mass density and s is the entropy per unit mass.
When two superfluid samples are connected by an array of small apertures, Josephson oscillations driven solely by pressure differentials have been shown to be in quantitative agreement with Eq. 2. for both superfluid 3 He [4] and 4 He [5] . In this paper we report the first observation of superfluid Josephson oscillations driven by a temperature differential, thereby demonstrating the most general form of the Josephson frequency relation.
We focus here on 4 He driven through an aperture array using the apparatus schematically shown in figure 1 . This is similar to previous experimental cells used in our laboratory except now we have included a heater inside the small inner cell. The array is 65x65 nominally 70nm apertures spaced on a 3µm square lattice in a 50nm thick siliconnitride membrane.
Figure 1.
Schematic of the experimental cell. A cylindrical washer-shaped spacer of height 0.6mm and inner diameter 8mm is bounded on the top by a flexible Kapton diaphragm and on the bottom by a rigid plate containing the aperture array. The array is produced using e-beam lithography in a 50nm thick 200µm x 200µm silicon nitride membrane supported by a silicon frame that is glued into the lower plate. The top surface of the Kapton is coated with lead. Its position, determined by an adjacent superconducting displacement sensor [6] is proportional to P ∆ and acts as a pressure gauge with resolution better than 1 µPa/Hz 1/2 . The velocity of the diaphragm is proportional to the total mass current flowing through the aperture array. The heater inside the inner cell is a 54mΩ length of CuNi wire, flattened and roughened to increase surface area, to which electrical leads are attached. Superconducting NbTi wire (50µm diameter) is used for the leads to minimize thermal conduction along them and ensure all power delivered is deposited inside the inner cell. The cell sits inside a metal can which is immersed in a pumped bath dewar of liquid helium. The can and cell are filled with
He through a cryogenic valve to a nominally zero ambient pressure. The temperature of the bath and the 4 He inside the can is controlled by a standard feedback loop.
When heat is applied, the temperature inside the inner cell begins to rise, creating a temperature difference T ∆ across the aperture array. Josephson oscillations are observed, beginning at a low frequency which increases quickly with T ∆ . A net dc super-current into the inner cell, expected with the 2π phase slip oscillation mechanism, causes a pressure P ∆ to build, counteracting T ∆ in the chemical potential difference. The inner cell temperature increase,
, is determined by the balance of four heat flows in the cell. The power applied to the heater causes a temperature increase. The volume of 4 He outside the inner cell is large enough that its temperature T can be taken to be constant. We measure the bath temperature T using a carbon resistance thermometer calibrated against the vapor pressure. We identify T within the cell by detecting a change in the response of the diaphragm when it is electrostatically driven. In addition to a 2% uncertainty in our pressure calibration, the following sources contribute to the uncertainty in the fitted slope of figure 3.
The carbon resistance thermometer used has a resolution on the order of 10µK for a ten second integration interval. The location of T , however, was determined to within only 0.2mK. This translates into an uncertainty in the values used for and Any drift can give rise to a and associated fountain pressure across the aperture array. The large heat capacity of the bath ensures that only slow drifts occur, which are minimized by feedback control. We are able to measure ∆ , and have determined that the resulting error in figure 2 is no more than 4%.
is actually considerably less, since for these small slow drifts,
. In this work we were mainly limited to the temperature regime a few mK below the transition temperature T for two reasons. Measurements much closer to T require better temperature stability than we have at present. At temperatures much below T the superfluid critical velocity is large [11] , such that the transients occur in a short time, and the oscillation frequency changes so rapidly that we cannot discern discrete frequencies.
We have, however, observed the oscillations as low as 150mK below T and they do not appear to be different in nature from the data presented here. Determination of the exact form of the current phase relation, and the expected cross-over to ideal weak-link sinusoidal behavior, remains an intriguing problem. gives rise to equation 4. This is the same result as Eq. 7 of [14] , in the appropriate limits.
Appendix B --Calibrations
The diaphragm displacement transducer output signal is a voltage, U ∆ ,
. Displacement is proportional to the pressure difference: , where is the diaphragm spring constant and
. The constant γ is determined from the Josephson frequency (Eq.
2) measured at the beginning of a pressure driven transient where 0 = ∆T [5] . The total and . This procedure was used in the initial demonstration of pressure driven
Josephson oscillations [5] .
